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Abstract
In the framework of the upgrade of the SPARC LAB facility at INFN-LNF, named EuPRAXIA@SPARC LAB, a high gradient
linac is foreseen. One of the most suitable options is to realize it in X-band. A preliminary design study of both accelerating
structures and power distribution system has been performed. It is based on 0.5 m long travelling wave (TW) accelerating structures
operating in the 2pi/3 mode and fed by klystrons and pulse compressor systems. The main parameters of the structures and linac
are presented with the basic RF linac layout.
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1. Introduction
In the framework of research and development of novel
acceleration schemes and technology, the upgrade of the
SPARC LAB test facility [1] at INFN-LNF is foreseen, based
on a high gradient linac. High brightness electron bunches
are fundamental for the successful development of plasma-
based accelerators, for instance, whereas external injection
schemes are considered, i.e. particle beam driven and laser
driven plasma wakefield accelerators (PWFA and LWFA, re-
spectively). Indeed, the ultimate beam brightness and its sta-
bility and reproducibility are strongly influenced by the RF-
generated electron beam.
In this scenario the SPARC LAB upgrade, named as Eu-
PRAXIA@SPARC LAB [2], might be one of the possible can-
didates to host EuPRAXIA (European Plasma Research Accel-
erator with eXcellence In Applications) [3]. EuPRAXIA is a
design study in the framework of Horizon 2020 (INFRADEV-
1-2014), funded to bring together for the first time novel accel-
eration schemes, based for instance on plasmas, modern lasers,
the latest correction/feedback technologies and large-scale user
areas. Such a research infrastructure would achieve the required
quantum leap in accelerator technology towards more compact
and more cost-effective accelerators, opening new horizons for
applications and research.
The preliminary EuPRAXIA@SPARC LAB linac layout is
based on an S-band Gun, three S-band TW structures and an
X-band booster with a bunch compressor [2]. The booster de-
sign has been driven by the need of a high accelerating gradi-
ent required to achieve a high facility compactness, which is
one of the main goals of the EuPRAXIA project. The baseline
technology chosen for the EuPRAXIA@SPARC LAB booster
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is X-band. The total space allocated for the linac accelerat-
ing sections is ≈25 m, corresponding to an active length of
≈16 m taking into account the space required to accommodate
beam diagnostics, magnetic elements, vacuum equipment and
flanges. Two average accelerating gradient options are fore-
seen for the X-band linac: high gradient (HG) of 57 MV/m and
very high gradient (VHG) of 80 MV/m, corresponding to dou-
ble the power of the HG case. The RF linac layout is based
on klystrons with SLEDs [4] that feed several TW accelerating
structures. The operating mode is the 2pi/3 mode at 11.9942
GHz. The preliminary RF system parameters are summarized
in Table 1 [5].
Table 1: RF system parameters.
Frequency 11.9942 GHz
Peak RF power 50 MW
RF pulse length tk 1.5 µs
Unloaded Q-factor Q0 of SLED 180000
In this paper we illustrate the preliminary RF design of the X-
band booster. The single cell parameters have been calculated
by electromagnetic (e.m.) simulations. On the basis of these re-
sults, the accelerating structure length and geometry have been
optimized by numerical studies. Finally, the basic RF power
distribution layout has been designed.
2. Single cell study
The main single cell parameters (shunt impedance per unit
length R, normalized group velocity vg/c, Q-factor Q, peak
value of modified Poynting vector [6, 7] normalized to the aver-
age accelerating field S c max/E2acc) as a function of the iris radius
a have been calculated with ANSYS Electronics Desktop [8].
The results are reported in Fig. 1.
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According to beam dynamics calculations and single bunch
beam break up limits, an average iris radius 〈a〉=3.2 mm has
been taken into account (the corresponding parameters are
given in Tab. 2) [9].
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Figure 1: Single cell parameters as a function of the iris radius.
Table 2: Single cell parameters for an iris radius of 3.2 mm.
iris radius a [mm] 3.2
iris thickness t [mm] 2.5
cell radius b [mm] 10.139
cell length d [mm] 8.332
R [MΩ/m] 93
vg/c [%] 1.382
Q 6396
S c max/E2acc [A/V] 3.9 · 10−4
3. Analytical optimization of structure effective shunt
impedance
The accelerating gradient distribution along the structure af-
ter one filling time t f is given by the formula [10]:
G(z, t f ) = G0[t f − τ(z)]g(z), (3.1)
where z is the longitudinal position, τ(z) =
∫ z
0
dz′
vg(z′) is the signal
time delay and g(z) is defined as:
g(z) =
√
vg(0)
vg(z)
√
R(z)Q(0)
R(0)Q(z)
e−
1
2
∫ z
0
ω
vg (z′ )Q(z′ ) dz
′
. (3.2)
G0 is the gradient at the beginning of the structure given by:
G0(t) =
√
ωR(0)P0(t)
vg(0)Q(0)
. (3.3)
P0(t) is the input RF power and, due to the SLED, is given by:
P0(t) = Pk · k2S LED(t), (3.4)
where Pk is the power from the klystron and kS LED(t) is the
SLED electric field gain factor [4].
Integrating Eq. (3.1) along the structure length Ls, we obtain
the accelerating voltage Va.
The efficiency of the structure is given by the effective shunt
impedance per unit length Rs defined as [11]:
Rs =
V2a
PkLs
=
Va〈G〉
Pk
=
〈G〉2Ls
Pk
, (3.5)
where 〈G〉 = Va/Ls is the average accelerating gradient.
For a constant impedance (CI) structure Rs, as a function of
the section attenuation τs (= ω2vgQLs), is given by [12]:
Rs = 2τsR
1 −
2Ql
Qe
τs
(
1 − e−τs) +
+
2Ql
Qe
[
2 − e−
(
ωtk
2Ql
−τs QQl
)]
τs
(
1 − QlQe
) (e−τs QlQe − e−τs)

2
, (3.6)
where Ql =
Q0Qe
Q0+Qe
is the loaded Q-factor of SLED (being Qe the
external quality factor). For a constant gradient (CG) structure
Rs is given by [4]:
Rs = R
2τs
1 + τs
1 − 2QlQe + 2QlQe
2 − e− ωtk2Ql (1 + τs1 − τs
) Q
2Ql
 ·
·1 − τs
2τs
1
1 − Q/2Ql
(1 + τs1 − τs
)1− Q2Ql − 1

2
. (3.7)
Figure 2 shows Rs as a function of τs for both structures, with
the parameters of Tabs. 1 and 2. In both cases the value of the
external Q-factor Qe of the SLED has been chosen in order to
maximize Rs.
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Figure 2: Effective shunt impedance per unit length for the CI and CG structure.
The accelerating gradient for a CI structure is given by [12]:
G(z, t f ) =
√
ω
vg
R
Q
Pk e−τs
z
Ls ·
·
1 + 2QlQe
e− ω(Ls−z)2vgQl 2 − e− ω(tk−t f )2Ql  − 1 , (3.8)
2
while for a CG structure is given by [4]:
G(z, t f ) =
√
2τs
1 + τs
R
Ls
Pk
{
1 +
2Ql
Qe
·
·

1 + τs
(
1 − 2zLs
)
1 − τs

− Q2Ql 2 − e− ω(tk−t f )2Ql  − 1

 . (3.9)
The previous formulas (3.6),(3.7) allow calculating the opti-
mum τs (=τs0) that maximize Rs. This fixes also the filling time
of the structure, i.e. the compressed pulse length and allows to
calculate the corresponding gradient profiles given in Figure 3.
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Figure 3: Normalized gradient distribution along the structure for the CI and
CG structure.
The final optimum structures parameters are summarized in
Table 3.
Table 3: CI and CG structure parameters (analytical study).
Parameter CI CG
Rs [MΩ/m] 343 344
Optimal structure length Ls [m] 0.474 0.432
Filling time t f [ns] 114 118
External Q-factor Qe of SLED 20030 21170
4. Numerical optimization
In the analytical study, the CG solution is approximated be-
cause of the assumption of constant R/Q [13] along the struc-
ture. On the other hand in the CI case it is quite easy to ver-
ify that, in the VHG case, one exceeds the maximum value of
S c max that allows to have a Breakdown rate (BDR) lower than
10−6 bpp/m [6, 7]. For these reasons we also performed a nu-
merical study.
To this purpose we have considered a linear tapering of the
irises as sketched in Figure 4, defined by the modulation angle
θ. We have then calculated (by Eq. (3.1)) the gradient profile
along the structure for different θ and Ls. In the calculation we
have used the polynomial fits of the single cell parameters illus-
trated in section 2. From the gradient profiles we have finally
calculated the effective shunt impedance per unit length and the
peak value of the modified Poynting vector.
Figure 4: Sketch of the linear iris tapering.
Figure 5 shows, as an example, the normalized gradient pro-
file as a function of θ for Ls equal to 0.5 m. Rs and S c max (VHG
case), as a function of θ and for different Ls, are given in Fig-
ures 6 and 7. In Figure 7 we have also reported the maximum
value of S c max that, according to the scaling law given in [6],
allows having a BDR lower than 10−6 bpp/m. From the plot it is
quite easy to note that the 0.4 m and 0.5 m long structures have
the same efficiency while the 0.667 m case is worse. Concern-
ing S c max, the 0.4 m solution is better but requires, on the other
hand, a larger number of structures per unit length. In conclu-
sion the 0.5 m case with θ=0.1◦ has been chosen as the design
baseline for the X-band linac.
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Figure 5: Normalized gradient after one filling time as function of the modula-
tion angle (0.5 m case).
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lation angle for three structure lengths.
5. Linac basic layout
According to the results of numerical study, the TW
X-band accelerating sections optimized for the Eu-
3
0 0.05 0.1 0.15 0.2
[°]
2
4
6
8
10
S
c 
m
ax
[W
/
m
2 ]
scaled limit
Ls = 0.4 m
Ls = 0.5 m
Ls = 0.667 m
Figure 7: Peak value of modified Poynting vector as a function of the modula-
tion angle for three structure lengths (VHG case).
PRAXIA@SPARC LAB application are 0.5 m long and show
an effective shunt impedance per unit length of 346 MΩ/m.
Commercially available X-band klystrons [5] provide up to
50 MW peak power with 1.5 µs long RF pulses. We have
estimated the RF losses in the waveguide distribution system of
≈-7 dB and, as a consequence, ≈40 MW available input power.
The basic RF module of the EuPRAXIA@SPARC LAB
X-band linac can be conveniently composed by a group of 8
TW sections assembled on a single girder and powered by one
(for HG) or two (for VHG) klystrons by means of one pulse
compressor system and a waveguide network splitting and
transporting the RF power to the input couplers of the sections.
The sketch of the basic module is given in Fig. 8 while the final
main linac parameters are shown in Tab. 4.
Figure 8: RF power distribution layout of a single module for the HG and VHG
cases.
6. Conclusions
In the paper we have illustrated the preliminary RF design
of the EuPRAXIA@SPARC LAB X-band linac. It has been
done performing e.m. simulations of the single cell, and analyt-
ical and numerical optimization of the structure efficiency tak-
ing into account the available space, local field quantity (mod-
ified Poynting vector) minimization and available commercial
klystrons. The final linac layout and main parameters have been
finally shown.
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